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ABSTRACT 
Concentrated Animal Feeding Operations (CAFOs) offer the ability to 
meet the rising demands of population growth by housing large amounts of 
livestock on relatively small areas of land, using medication to accelerate their 
maturation, and reusing waste products as fertilizers. However, there is a 
growing abundance of literature related to land use configurations and their 
effects on water resources, many of which highlight agriculture as a primary 
contributor of nutrients and fecal bacteria found in surrounding water resources. 
The purpose of this study is to advance the current knowledge surrounding 
CAFO land-use and its effect on tributaries within the Cape Fear River Basin 
(CFRB). Land-use characteristics were summarized using Geographic 
Information Systems (GIS). Multivariate linear regression was utilized to examine 
how dissolved oxygen (DO), fecal coliform (FC), pH, ammonia (NH3), nitrate-
nitrite (NO2-NO3), total phosphorus (TP), total kjeldahl nitrogen (TKN), 
conductivity (Con), turbidity, and suspended residue were influenced by land-use 
characteristics. Results indicated a higher concentration of NH3 and total 
phosphorus levels in watersheds with CAFO land-use. Regression analysis 
indicated that NH3 concentrations were positively correlated with the percentage 
of CAFO land-use whereas TKN levels were positively correlated with the 
percentage of agricultural land-use. These results suggest that CAFO and 
agricultural land-use have a statistically significant relationship on tributary water 
quality and should be addressed in future water resource management plans. 
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CHAPTER ONE 
INTRODUCTION 
Literature Review 
Water resources are essential to sustain multiple human and ecological 
services. Despite this critical role, water resource quality has increasingly been 
compromised by anthropogenic activities and climatic changes that alter the 
physicochemical characteristics of water bodies. Sources of pollution can be 
highly variable in content and geography, leading to the impairment of water 
resources across many geographical scales. Most attention has centered on 
impairments across a single river, stream segment, or specific water body (i.e. 
lakes, reservoirs). In contrast, the impacts that headwater stream impairments 
have on downstream water resources receive little attention (Alexander et al. 
2007; Wallace & Eggert 2015). Headwater tributary streams are the beginning of 
hydrologic networks (i.e. river basins, watersheds) and collectively comprise the 
highest percentage of stream length (Wallace and Eggert 2015). Although 
hydrologically important, headwater streams, and the surrounding landscapes 
that drain to them (i.e. tributary watersheds), are often omitted from water 
resource management plans including hydrological plans adopted by major 
governing bodies. In these tributary watersheds, multiple studies have noted 
water resource impairments related to the removal of vegetation from the 
landscape that is often replaced by agricultural (i.e. crops, livestock) and urban 
(i.e. increases in impervious surfaces: building, roads) development activities 
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(Wallace and Eggert 2015; Alho et al. 2015; Ding et al. 2013). As a result of the 
emerging literature related to the importance of headwater streams, it is essential 
to understand the extent to which landscape changes, and characteristics in 
tributary watersheds, impact headwater streams so that appropriate 
management strategies can be implemented to reduce downstream and overall 
hydrologic network impairments.  
Impervious Surfaces and Water Resources Impairments 
Impervious surfaces, including streets and buildings, have been identified 
as effective stormwater runoff conveyance systems that cause adverse impacts 
on surface waters. Urban watersheds are typically characterized by more 
impervious surfaces and conveyances designed to mitigate flooding. This 
effectively directs stormwater across the impervious landscape, away from 
buildings and streets. Increasing the impervious surfaces within urban 
watersheds has increased the volume of stormwater runoff, contributed to higher 
peak flows in surrounding streams, and inhibited the ability of soils to efficiently 
remove pollutants through plant uptake processes and soil infiltration (Walsh et 
al., 2004). Therefore, various types of pollution enter nearby waterways. Heavy 
metals, litter, pathogens, oil, and other pollutants often adhere to eroded 
sediments that are moved across impervious surfaces to waterways. As a result, 
the percentage and type of impervious surfaces within a watershed may result in 
highly variable water resource impairments. When examining the influence of 
residential and suburban development in coastal watersheds, Mallin et al. (2000) 
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found that streams became impaired when the watershed consisted of a 10% to 
20% impervious surface. It is important to consider not only the extent of 
development within a watershed but also how these land use patterns impact the 
overall health of stream ecosystems that support aquatic species and human 
health when considering these two studies.   
The relationship between Impervious surfaces and water impairments 
warrants attention. This attention focuses on specific watershed characteristics 
that convey stormwater runoff from both urban (i.e. high % impervious surfaces) 
and suburban (i.e. lower % of impervious surfaces) land-uses to the nearby river 
and stream systems (e.g. stormwater drainage systems). For example, Mallin et 
al. (2000) observed the effects of human development on water quality in a 
coastal watershed that serves as the endpoint of the largest river basin in North 
Carolina, the Cape Fear River Basin. The watersheds are characterized by 
continuous development along coastal regions, salt, and freshwater aquatic 
habitats. By 1990, shellfishing in this region's watersheds had been classified as 
either fully or partially closed due to increased bacterial counts that in excess 
threaten both aquatic and human health. Mallin et al. (2000) investigated five 
watersheds that had similar geographical, climatic, and soil characteristics, but 
contained different amounts, and types, of development as well as population 
densities. This study demonstrated that the quality of land development, as 
opposed to the quantity of land development, is highly influential in urban and 
suburban nonpoint sources of fecal coliform bacteria. For example, the Howe 
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Creek watershed contained higher average fecal coliform levels than Pages 
Creek watershed, even though the Howe Creek watershed was less developed 
than Pages Creek. Mallin et al. (2000) also revealed that 27.3% of the developed 
land within the Howe Creek watershed is impervious, while 12.5% of the 
developed land within the Pages Creek watershed consisted of impervious 
coverage. In addition, the design of the flood control catchment system (i.e. curb 
and gutter street system) significantly impacted water quality. The study suggests 
that future research should focus on the bacteriological quality of water draining 
from specific urban land types. It should also examine the quality of water 
draining from unique suburban housing development. Finally, the research 
should examine the effectiveness of systems such as wetlands, and vegetative 
buffers, in reducing nonpoint sources of pollution. 
Agricultural Activities and Water Resource Impairments 
Agricultural landscapes consist of crop production, livestock operations, 
and forestry practices that each contribute different types and amounts of non-
point source pollution to surface waters (Ensign & Mallin, 2001; Mallin et. al., 
2004; Kasprak et al., 2013). Charbonneau and Kondolf (1993) argue that 
agricultural land use types are a more significant contributor to nonpoint sources 
of pollution than any other land use type due to their vast spatial extent and 
intensive practices. Zhu et al. (2012) recognized that the seasonal variability in 
water quality in agricultural watersheds may be a result of fertilizer and manure 
applications that are applied at different times of the year. For example, 
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increased nutrient concentrations of surface water in watersheds dominated by 
agricultural areas, were noted before the growing season and after crops were 
harvested. Mallin and Cahoon (2003) observed that the livestock production 
industry has become more industrialized in the CFRB and contains the highest 
concentration of swine, poultry, and cattle Concentrated Animal Feeding 
Operations (CAFOs). Due to the transition of livestock production from open 
pastures to large industrialized facilities, the concentration of nutrients entering 
surface water systems near these operations has increased because the 
livestock waste is managed in waste lagoons and spread on the field to grow 
feed. This creates subsurface groundwater contamination and waste is often 
conveyed to surface waters during storm events through overland flow 
processes. Although CAFO activities are increasing globally, in the Cape Fear 
River Basin alone, Mallin (2012) estimated that there are 5,000,000 heads of 
swine. Further studies across other North Carolina river basins also reveal that 
an increase in CAFO density has significantly increased the nutrient 
concentrations of surface waters in North Carolina (Rothenberger et al., 2009; 
Mallin & Cahoon, 2003; Burkholder et al., 2007). 
Concentrated Animal Feeding Operations (CAFOs) Activities 
The 1970s experienced a shift in livestock practices, from pasture farming 
to the now widely accepted CAFO model (Hribar, 2010). The Environmental 
Protection Agency (EPA) defines a CAFO as a large Animal Feeding Operation 
(AFO) with more than 1,000 animal units that house livestock in confined facilities 
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for more than 45 days. An animal unit refers to the combined weight of multiple 
animals. As the demand for animal food products continues to rise with 
population growth and socioeconomic change, the CAFO model is becoming 
more favorable in developing regions as it achieves higher yields of animal food 
products, increases efficiency, and decreases costs. However, several studies 
have already noted a link between land use characteristics and the quality of 
water resources (Alford et al. 2016; Kelsey et al. 2003; Wilson & Serre, 2007). 
The wide variety of academic literature also shows that pharmaceuticals, harmful 
gases, particulate matter, bacteria, and high concentrations of nutrients are all 
harmful byproducts of CAFOs, raising resource quality, public health, and 
environmental justice concerns (Hribar, 2010; Hu et al., 2017; Donham et al., 
2007). Transportation of these pollutants into surface water can occur by way of 
runoff, discharge of waste, and aerosol deposition, consequently contributing to 
the degradation of water quality exhibited in surface waters proximal to CAFOs. 
Nonpoint sources of pollution are the leading cause of degrading water quality in 
the United States. Identifying those land-use types that contribute to nonpoint 
sources of pollution (e.g. CAFOs) can be complex due to the various types of 
land-use configurations and the geographic extent of a watershed, this is 
especially true in larger river basins (Alford et al., 2016; Yang & Jin, 2010; Kelsey 
et al., 2003). To explore the extent to which CAFO activities impact water 
resources, a common statistical approach to deconstructing the complexity of 
pollution sources often includes the application of correlation and ordinary least 
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squares (OLS) regression analysis (Zhou et al., 2016). Correlation analysis is 
used to quantify the degree to which two variables are related, whereas 
regression analysis predicts the effect that one variable has on another. 
Together, these methods have been used throughout the scientific community to 
explore, describe, and predict complex relationships. Despite these efforts, 
studies often utilize CAFO counts and point locations, which limits the knowledge 
of how much the total landscape CAFO activity (facilities, spray fields, lagoons) 
represents across an entire hydrologic network (i.e. river basin, watershed). It is 
especially important in tributary watersheds where headwater streams reside 
because water impairments associated with CAFO activities in these locations 
could be adversely impacting downstream resources leading to a multitude of 
spatio-temporal complex issues. This often limits a community’s ability to 
effectively mitigate water impairments and harmful externalities related to 
ecological and human health. 
Geospatial Applications: Understanding CAFOs Relationships to Water 
Impairments 
Previous studies have used a Geographic Information System (GIS) to 
create datasets that describe characteristics of a watershed by locating point 
sources of pollution, describing land use, and creating features with detailed 
environmental data (Yang & Jin, 2010; Mallin et al. 2015; Alford et al. 2016). 
Isotopic techniques have been utilized to trace nitrogen pollution to CAFOs 
upstream, but a suite of water quality parameters is more comprehensively 
8 
 
described quantitatively by the presence of CAFOs in a watershed (Mallin et al, 
2015). CAFOs are generally located using NPDES permits, but because of a 
convoluted legislature, many are undocumented, this becomes problematic when 
attempting to characterize land use within a watershed. Therefore, the use of 
aerial photography and GIS has become a popularized approach to locating 
previously unknown CAFOs and categorizing them based on the shape of 
buildings and existence or lack of waste lagoons. (Mallin, McIver, Robuck, & 
Dickens, 2015). The dimensions of CAFO buildings have also been documented 
in previous studies and used to estimate the maximum population size of housed 
animals. For example, Mallin et al. (2015) found that the average poultry 
producer allocates an area of 743cm2 or 0.80ft2 per bird. In the Stocking Head 
Creek watershed, the average CAFO building size is 25,000ft2 which can hold an 
average capacity of 31,250 birds. Using statistical models, agricultural census 
data, and aerial photography, Mallin et al. (2015) was able to estimate a poultry 
headcount within the Stocking Head Creek watershed of 1,312,500. Water 
quality monitoring data reported the highest ammonium concentrations at two 
stations within 50 meters of a CAFO spray field. Additionally, T-tests found no 
significant difference in the means of samples collected during dry and wet 
conditions, suggesting that fecal coliform pollution in Stocking Head Creek was 
not dependent upon rain periods but is instead a chronic pollutant in the 
watershed. The watershed populace uses septic systems, but this is an unlikely 
source of the fecal coliform exhibited in Stocking Head Creek. Unlike the 
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distribution of CAFOs, many of the structures are far away from the creek. This 
research suggests that CAFO-rich watersheds can cause chronic pollution in 
surface water and that characterizing human activity within a watershed 
elucidates nonpoint sources of pollution. However, this study only examines a 
single watershed, and while Mallin et al. (2015) used estimates of CAFO 
headcounts and proximity to account for fecal coliform concentrations, land-use 
configuration may be more indicative of the impact that human activity has on 
water quality across larger geographic regions. 
CAFOs can also be located on various land types and near urbanized 
areas making their identification using remote sensing challenging. For example, 
Alford et al. (2016) found that mixed forest and low density developed open-
space land uses were most significant in explaining the concentrations of fecal 
coliform within the CFRB. These two land-use types were positively correlated 
with higher concentrations of fecal coliform in the CFRB. Alford et al. (2016) 
argued that because mixed forest and low density developed open-space land-
use types are undergoing urbanization near CAFOs and agricultural land, the 
increase of human activity in these transitional zones may be the cause of this 
pattern. Furthermore, most water quality stations that exceeded state standards 
were found in urbanizing watersheds exhibiting land-use change between 2001 
and 2006. According to Alford et al. (2016), 26% of water quality monitoring 
stations within the CFRB during 2001 and 32% of stations in 2006 exceeded the 
North Carolina Department of Environment and Natural Resources fecal coliform 
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concentration standards. Overall, the change in land use surrounding urban 
centers and agricultural practices within the CFRB has highlighted transitional 
zones with mixed forest and low density developed open-space land types as 
key predictors of fecal coliform concentrations. Limitations of this study 
acknowledged the need for future studies to include more detailed land use data 
in the regression analysis, specifically addressing CAFO land-use types. CAFOs 
are major sources of nutrients and fecal bacteria. The national land cover 
classification system does not currently categorize CAFO land use. Including 
them in a regression analysis as a land-use type may reveal more about the 
spatial relationships between water quality and land use types in the CFRB. 
Study Purpose and Objectives 
The value of examining CAFOs comes in the contribution of knowledge to 
an ongoing problem that affects human health, environmental health, and 
environmental justice. CAFOs have become a popular modern approach to 
producing meat for growing demands but this method of farming is also well 
known for creating many varying types of waste. States' interpretation of EPA 
laws has left CAFOs largely unregulated and lacking effective waste 
management practices. Improper regulatory structure has also left many CAFOs 
unaccounted for, meaning that the data surrounding CAFOs is incomplete and 
highly variable, making their impact on water resources difficult to quantify over 
larger geographic areas. To date, no examination of CAFOs in North Carolina 
has accounted for the total land-use area associated with CAFOs. Instead, 
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researchers primarily focus on point location data, whereas a land-use 
classification approach to CAFOs may be more suitable to capture the nonpoint 
source pollution of these facilities. The purpose of this study is to quantify the 
total land-use area associated with swine CAFOs to enhance the land-use 
characteristics within the Cape Fear River Basin (CFRB) in an attempt to model 
the spatial relationships between CAFO land-use and surface water quality using 
linear regression analysis and a GIS. 
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CHAPTER TWO 
STUDY SITE 
The Cape Fear River Basin 
 
The Cape Fear River Basin (CFRB) is North Carolina's largest river basin 
that is entirely contained within the state’s borders and contains 21,300 miles of 
hydrological features. The CFRB includes three physiographic regions, six 
subbasins (i.e. USGS 8-digit hydrologic unit code), and 44 watersheds (i.e. 
USGS 10-digit hydrologic unit code) (Figure 1). The river basin’s geographical 
boundary begins in the north-central piedmont near Greensboro and extends 
southeast through the coastal plain to the Atlantic Ocean near Wilmington, 
covering an area of 9,164 𝑚2(Figure 2). The Cape Fear River itself is 
approximately 200 miles and begins in Chatham County at the convergence of 
the Haw and Deep Rivers (Mallin, 2013; DEQ, 2019).  
 The CFRB is divided into three physiogeographic regions: The Upper 
(UCFRB), Middle (MCFRB), and Lower (LCFRB) (Figure 1). Each has a distinct 
geological, topographical, biological, and climatic characteristic. Each region of 
the basin encompasses a variety of different land-use types, consisting of urban, 
agricultural, and industrial uses as well as different geological regions. The 
UCFRB (e.g. subbasins 03030002 and 03030003) is characterized by the 
piedmont region of North Carolina, a plateau-like region traversing 12 counties 
including portions of Alamance, Rockingham, Caswell, Chatham, Durham, 
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Guilford, Lee, Moore, Montgomery, Orange, Randolph, and Wake. The MCFRB 
(e.g. subbasins 03030004 and portions of 03030005) is largely considered the 
sandhills region of North Carolina, traversing portions of Bladen, Cumberland, 
Columbus, Harnett, Hoke, Less, Moore, and Wake counties. The LCFRB (e.g. 
portions of 03030005, 03030006 and 03030007) is encompasses the coastal 
plain of North Carolina which includes portions of Bladen, Brunswick, Johnston, 
Lenoir, Onslow, and Wayne counties as well as portions of New Hanover, 
Pender, and Sampson counties.   
The basin also encompasses different aquatic ecosystems, including 
woody and emergent wetlands, blackwater systems, and fresh and saltwater 
estuaries that provide wildlife habitat for over 30 endangered species. There are 
also recreational opportunities for residents and visitors alike. Additionally, the 
basin provides water resources for residential, commercial, and industrial uses 
(NC DEQ, 2019). More than half of the CFRB population is located in highly 
developed hydrologic units that comprise less than 10 percent of the basins land 
cover, while 24 percent of the basins total land cover consists of agricultural 
activities (Mallin, 2012). The 26 counties located within the basin are expected to 
see an estimated 28 percent increase in population over the next 20 years, with 
most of this increase occurring in urban or urbanizing areas (Mallin, 2012). This 
basin contains 280 permitted municipal and industrial wastewater discharging 
facilities that contribute point source inputs to its surface waters and is the most 
industrialized river basin in North Carolina (Mallin, 2012). Point source pollution 
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activities in the basin are permitted by the North Carolina Department of 
Environmental Quality (NC DEQ) through the National Pollution Discharge 
Elimination System (NPDES). These permits include industrial and wastewater 
treatment discharge to surface waters from concentrated animal feeding 
operations (CAFOs) such as swine and turkey operation activities. There are 
over 300 miles of impaired streams located within the CFRB that have been 
linked to urban, agricultural, and industrial activities. The varying landscape 
within the CFRB, as well as the abundance of CAFOs, makes the river basin a 
perfect candidate for examining the relationships between land use types and 
surface water quality across larger river basins. This study will focus on 29 
watersheds within the CFRB. Of the 29 watersheds, 14 are in the UCFRB, 3 are 
in the MCFRB, and 12 are in the LCFRB. These watersheds were selected 
based on the availability of station water quality data. 
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Figure 1. The 3 Physiographic Regions of the Cape Fear River Basin. Source: 
Alford et al. (2016) 
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Figure 2. The Cape Fear River Basin Study Site.  
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CHAPTER THREE 
METHODS  
Water Quality Data 
Detailed water quality data for the entire Cape Fear River Basin is 
provided by the Cape Fear River Basin Monitoring Coalition and began in the 
year 2000. Altogether the CFRB monitoring coalition maintains 144 monitoring 
stations distributed throughout the basin (Figures 3a, 3b, & 3c), although not all 
stations have the same temporal data available. The monitoring coalition obtains 
sample measurements using techniques approved by the North Carolina 
Department of Environmental Quality (NC DEQ) standards under title 40, section 
136 of the Code of Federal Regulations. Stations are monitored monthly to obtain 
samples for chemical, biological, and physical water quality metrics. For the 
purpose of this study, monthly observations were included for dissolved oxygen 
(mg/L), fecal coliform (col/100 mL), total kjeldahl nitrogen (TKN) (mg/L), total 
phosphorus (TP) (mg/L), ammonium (NH3) (mg/L), nitrate-nitrite (NO2-NO3) 
(mg/L), suspended residue (mg/L), conductivity (uS/cm), and turbidity (NTU). The 
most recent and complete dataset provided by the coalition is from 2014 and 
consists of 29 water quality monitoring stations throughout the upper, middle, and 
lower CFRB. The water quality parameters in table 1 were selected based on 
prior studies and available data (Alford et al., 2016; Mallin et al., 2000; Brabec, 
2009; Arnold & Gibbons, 1996; Cookson & Schorn, 2009; Schoonover et al., 
2005; Tu, 2011; Carle et al., 2005; Potter et al., 2004; Mallin & Cahoon, 2003; 
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Rothenberger et al., 2009 and Burkholder et al., 2007). Water quality data was 
downloaded from the Cape Fear River Basin Coalition’s water quality data 
retrieval website and aggregated to represent the annual averages of each 
parameter. The water quality annual averages that were not normally distributed 
were transformed using a natural log function in IBM’s Statistical Package for 
Social Sciences (SPSS) version 26. These methods are consistent with Alford et 
al. (2016) and Mallin et al. (2016).  
 The NC DEQ Division of Water Resources (DWR) has established a water 
classification system for North Carolina’s surface waters that determines the best 
use (e.g. drinking water, recreation, shellfishing) and sets water quality standards 
to protect those uses. For example, Class SA surface waters include tidal waters 
that are used for commercial shellfishing and have a maximum standard for fecal 
coliform of 43 col/100ml. If Class SA surface waters exceed 43 col/100ml that 
water body will be designated as non-supporting of its intended use. State and 
federal water quality standards are listed in table 1. The NC DEQ water 
classification system will be referenced to determine if surface water samples 
from a given station meet state water quality standards. 
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Table 1. Water Quality Parameter Standards and Recommendations for Cape 
Fear River Basin Stream Classes - Updated from Alford et al. 2016. Sources: US 
EPA, NC DEQ, Cape Fear River Basin Monitoring Coalition 
Water Parameter NC DEQ Criteria  Other Recommendations  
Fecal coliform  400 col/100mL 
 
Nitrite-Nitrate 
(NO2-NO3) 
<10 mg/L (drinking water 
supply) 
>0.50 mg/L (Mallin et al. 
2004) 
(stimulate chlorophyll a and 
BOD) 
Ammonium 
Nitrogen (NH3N) 
(mg/L) 
No ambient criteria >0.50 mg/L (Mallin et al. 
2004) 
(stimulate chlorophyll a and 
BOD) 
Total 
Phosphorus (TP) 
(mg/L) 
No ambient criteria >0.075 mg/L (Dodds et al. 
1998) 
TKN-N (mg/L) No ambient criteria EPA Range 0.1-20 mg/L; 
CFRB ranges from 0.56-1.3 
mg/L 
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Dissolved 
Oxygen (mg/L) 
> 4  
 
pH 6-9 
 
Temperature (C) <32 
 
Turbidity (NTU) <50  
 
Total Suspended 
Residue  
maximum TSS 
concentration of 30 mg/L for 
domestic discharges DEQ 
 
Conductivity 
(μS/cm) 
 
EPA Range 150-300 (μS/cm) 
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Figure 3a. The Upper Cape Fear River Basin Assembly Water Quality Monitoring 
Stations. Source: NC DEQ Division of Water Resources (2019) 
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Figure 3b. The Middle Cape Fear River Basin Assembly Water Quality 
Monitoring Stations. Source: NC DEQ Division of Water Resources (2019). 
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Figure 3c. The Lower Cape Fear River Basin Assembly Water Quality Monitoring 
Stations. Source: NC DEQ Division of Water Resources (2019). 
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Land Use Data 
To summarize land use land cover (LULC) across the Cape Fear River 
Basin (CFRB) as well as within the watersheds of the 29 water quality stations, 
National Land Cover Database (NLCD) imagery for 2016 was downloaded from 
the Multi-resolution Land Characteristics Consortium (MRLC) database and 
imported into ArcGIS 10 for further analysis (Multi-Resolution Land 
Characteristics Consortium, 2019). This imagery is 30-meter resolution and is 
classified into a modified version of the Anderson II LULC categories, which 
include agricultural (e.g. hay/pasture and cultivated crops) and urban (low, 
medium, and high-intensity development) land types. Each LULC type has its 
classification description and a distinct color assigned to their classification type 
(Figure 4).  
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Class\Value 
                            Classification Description 
Water   
11 Open Water - areas of open water, generally with less than 25% cover of vegetation or soil. 
12 Perennial Ice/Snow - areas characterized by a perennial cover of ice and/or snow, generally greater than 25% of total cover. 
Developed   
21 Developed, Open Space - areas with a mixture of some constructed materials, but mostly vegetation in the form of lawn grasses. 
Impervious surfaces account for less than 20% of total cover. These areas most commonly include large-lot single-family housing 
units, parks, golf courses, and vegetation planted in developed settings for recreation, erosion control, or aesthetic purposes. 
22 Developed, Low Intensity - areas with a mixture of constructed materials and vegetation. Impervious surfaces account for 20% to 
49% percent of total cover. These areas most commonly include single-family housing units. 
23 Developed, Medium Intensity – areas with a mixture of constructed materials and vegetation. Impervious surfaces account for 50% 
to 79% of the total cover. These areas most commonly include single-family housing units. 
24 Developed High Intensity -highly developed areas where people reside or work in high numbers. Examples include apartment 
complexes, row houses and commercial/industrial. Impervious surfaces account for 80% to 100% of the total cover. 
Barren   
31 Barren Land (Rock/Sand/Clay) - areas of bedrock, desert pavement, scarps, talus, slides, volcanic material, glacial debris, sand 
dunes, strip mines, gravel pits and other accumulations of earthen material. Generally, vegetation accounts for less than 15% of total 
cover. 
Forest   
41 Deciduous Forest - areas dominated by trees generally greater than 5 meters tall, and greater than 20% of total vegetation cover. 
More than 75% of the tree species shed foliage simultaneously in response to seasonal change. 
42 Evergreen Forest - areas dominated by trees generally greater than 5 meters tall, and greater than 20% of total vegetation cover. 
More than 75% of the tree species maintain their leaves all year. Canopy is never without green foliage. 
43 Mixed Forest - areas dominated by trees generally greater than 5 meters tall, and greater than 20% of total vegetation cover. Neither 
deciduous nor evergreen species are greater than 75% of total tree cover. 
Shrubland   
51 Dwarf Scrub - Alaska only areas dominated by shrubs less than 20 centimeters tall with shrub canopy typically greater than 20% of 
total vegetation. This type is often co-associated with grasses, sedges, herbs, and non-vascular vegetation. 
52 Shrub/Scrub - areas dominated by shrubs; less than 5 meters tall with shrub canopy typically greater than 20% of total vegetation. 
This class includes true shrubs, young trees in an early successional stage or trees stunted from environmental conditions. 
Herbaceous   
71 Grassland/Herbaceous - areas dominated by gramanoid or herbaceous vegetation, generally greater than 80% of total vegetation. 
These areas are not subject to intensive management such as tilling, but can be utilized for grazing. 
72 Sedge/Herbaceous - Alaska only areas dominated by sedges and forbs, generally greater than 80% of total vegetation. This type can 
occur with significant other grasses or other grass like plants, and includes sedge tundra, and sedge tussock tundra. 
73 Lichens - Alaska only areas dominated by fruticose or foliose lichens generally greater than 80% of total vegetation. 
74 Moss - Alaska only areas dominated by mosses, generally greater than 80% of total vegetation. 
Planted/Cultivated   
81 Pasture/Hay – areas of grasses, legumes, or grass-legume mixtures planted for livestock grazing or the production of seed or hay 
crops, typically on a perennial cycle. Pasture/hay vegetation accounts for greater than 20% of total vegetation. 
82 Cultivated Crops – areas used for the production of annual crops, such as corn, soybeans, vegetables, tobacco, and cotton, and also 
perennial woody crops such as orchards and vineyards. Crop vegetation accounts for greater than 20% of total vegetation. This class 
also includes all land being actively tilled. 
Wetlands   
90 Woody Wetlands - areas where forest or shrubland vegetation accounts for greater than 20% of vegetative cover and the soil or 
substrate is periodically saturated with or covered with water. 
95 Emergent Herbaceous Wetlands - Areas where perennial herbaceous vegetation accounts for greater than 80% of vegetative cover 
and the soil or substrate is periodically saturated with or covered with water. 
Figure 4. NLCD Land-Cover/Land-Use Values and Classification Descriptions. 
Source: USGS National Land Cover Data 
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Water Quality Monitoring Station Locations 
 The North Carolina Department of Environmental Quality (NC DEQ), 
Division of Water Resources (DWR), and the Cape Fear River Basin Assembly 
provides Microsoft Excel documents that identify sampling locations by latitude 
and longitude (Cape Fear River Basin Monitoring Coalitions’ 2020). Latitude and 
longitude coordinates for each station were imported from Microsoft Excel into 
ArcGIS 10 and converted to GIS shapefiles. This information was used to 
determine the spatial extent and exact location of water monitoring stations 
throughout the Cape Fear River Basin. The exact locations of these stations 
were also used as the pour points for later watershed delineation. Figure 5 
illustrates the locations of each of the 29 monitoring stations across the CFRB. 
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Figure 5. A Map of the 29 Water Quality Monitoring Stations. Source: Cape Fear 
River Basin Monitoring Coalitions’ (2019) 
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Digital Elevation Model 
 To delineate the watersheds for the 29 water monitoring stations, 
elevation data will be downloaded from the United States Geological Survey’s 
National Map database (2019). A Digital Elevation Model (DEM) is a raster type 
dataset consisting of cells that represent an elevation value. Multiple DEMs were 
required to cover the entirety of the CFRB at a 10-meter resolution. These DEMs 
were then imported into ArcGIS 10, projected into a state projection system, 
merged to form one mosaic across the CFRB, and finally clipped to the CFRB 
boundary. The CFRB DEM will be manipulated using ArcHydro tools to delineate 
the watersheds for the 29 monitoring stations. A feature layer from the NC DEQ 
online GIS portal is needed to ground-truth a stream network and burn those 
features into the 10-meter resolution DEM. Doing this ensures that the stream 
network derived from the DEM in later watershed delineation processes is more 
accurate compared to using a 10-meter resolution DEM alone. 
Watershed Delineation 
 While there are many tools already native to ESRI’s ArcGIS for processing 
elevation data, ArcHydro is an ArcGIS extension commonly used to manage 
water resources and provides even more tools for watershed delineation and 
DEM manipulation. ArcHydro is the toolset that will be used in this study to carry 
out the watershed delineation for all 29 monitoring stations. With the CFRB DEM 
(Figure 6), monitoring stations, and hydrologic features (Figure 7) loaded in 
ArcMap, the first step is to recondition the DEM. Reconditioning changes the 
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DEM cell values that intersect a feature layer, either by increasing or decreasing 
the cell elevation value by a user-specific amount. This step is done to 
exaggerate and burn the hydrologic feature layer into the DEM. Exaggerating 
these rivers and streams ensures that streams surrounded by elevation less than 
10 meters are not ignored in later processes. This study used the default options 
of a smooth 100-meter elevation decrease and a sharper 1000 decrease in cell 
values when reconditioning. Following reconditioning, the DEM sinks are filled 
using the Archydro fill tool. Sinks are cells where the surrounding elevation is 
higher, creating ponds, lakes, and other endorheic basins. A flow direction raster, 
as shown in figure 8, can then be derived from the filled DEM. The new flow 
direction raster cells represent the gradient direction in eight cardinal directions 
based on the elevation values of the DEM. The flow accumulation tool is 
executed using the flow direction raster and returns a raster with cell values that 
represent the contributing upstream cells. For example, a single cell in this raster 
may have a value of 3500, which is interpreted as 3500 cells upstream that 
contribute to that single cell, a stream network can be visualized with the flow 
accumulation raster. The flow accumulation could then be used to derive a 
stream network using the stream definition tool. The stream definition tool uses 
the flow accumulation and a user-specified drainage area threshold to define 
streams. The area used to define a stream is unique to each study and depends 
on the scale of the study. An area of 4.5 𝑘𝑚2 was also used for this study 
because this is a common threshold used by the USGS in national maps. Since a 
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feature layer of hydrologic features was used to burn in river and stream features 
into the CFRB DEM, the stream definition layer will look nearly identical to the 
hydrologic feature layer. The stream definition layer can then be segmented 
using the stream segmentation tool, which assigns a unique ID to each stream 
segment. The unique stream IDs are used to delineate the catchments for each 
segment using the catchment grid delineation and catchment polygon processing 
tools (Figure 9). The completed ArcHydro database can then be used with the 
point delineation tool which requires the flow direction, stream definition, and 
catchment grids. The point delineation tool can be used to delineate watersheds 
from any site within the study site. Manually selecting the stream cell nearest to 
each of the 29 monitoring stations ensured that the watersheds were properly 
delineated. 
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Figure 6. A Map of the Digital Elevation Model (DEM) for the CFRB. Source: 
USGS (2020) 
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Figure 7. A Map of the Hydrologic Features Across the CFRB. Source: NC 
OneMap (2020) 
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Figure 8. The CFRB Flow Direction Raster with the Eight Direction (D8) Flow 
Model. 
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Figure 9. The Delineated Stream Catchments for the CFRB. 
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Summarizing Land Use Area 
To summarize the land use types for each watershed, the NLCD was first 
converted to a polygon feature class using the raster to polygon tool in ArcMap. 
The new CAFO polygon layer was overlapped with the NLCD and used in 
ArcMap’s erase tool to delete the NLCD polygons that intersected with the CAFO 
polygons. Erasing those overlapping NLCD polygons was essential to ensure 
that the percentage of land use with the addition of the CAFO layer, would sum 
to 100 percent in each watershed. Once the NLCD had those areas of 
overlapping CAFO polygons removed, the NLCD polygons were clipped to each 
watershed using ArcMap’s model builder (Figure 10). The area of land use type 
in 𝑚2 was then summarized for each land use category in the NLCD polygons 
using another iterative model in ArcMap and the summary statistic tool (Figure 
11). The same models and processes would be used to clip the CAFO polygon 
layer to each watershed and then summarize the area in 𝑚2. The summarized 
land use areas were then exported from ArcMap and imported into Microsoft 
Excel where the percentage of land use type within each watershed was 
calculated.  
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Figure 10. The ArcMap Model Used to Clip the NLCD Polygon Layer to Each of 
the 29 Watersheds. 
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Figure 11. The ArcMap Model Used to Calculate the Summary Statistics for the 
NLCD Polygons Within Each Watershed. 
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Digitizing CAFO Land Use 
 The LULC classification system does not classify CAFOs themselves, 
agriculture practices are instead generalized into two categories, hay-pasture, 
and cultivated crops. The hay-pasture land-use type consists of areas where hay 
vegetation accounts for greater than 20% of the total vegetation. Cultivated crop 
land-use types are areas of land reserved for the growing of annual crops (i.e. 
soybeans, corn, tobacco). No database currently documents the land-use area 
associated with CAFOs. However, the NPDES permits document the point 
location of some swine CAFO facilities. Permit location data is provided by the 
North Carolina Geographic Information Coordinating Council (GICC) through the 
NC One Map online database (2019). Parcel ownership is also accessible 
through the NC One Map and was used to assist in the identification and creation 
of a CAFO land-use layer in ArcMap. The number of permitted swine CAFOs 
within the 29 watersheds totaled 446 (Figure 12). The intersection of the NPDES 
permit locations and the parcel ownership layer was used to identify the parcels 
that were involved in CAFO activities. The boundaries of those selected parcels 
define the boundaries of the manually created CAFO polygon (Figure 13). Visual 
inspection of the landscape imagery was also carried out and contributed to the 
CAFO digitizing process. Areas of dense vegetation were ignored, only those 
areas that would be used by the CAFO were digitized. Swine CAFOs are 
distinguishable by the large buildings and rectangular lagoons that collect animal 
waste; these unique features are noticeable in figure 13.   
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Figure 12. A Map of Swine NPDES Permits Within the Selected 29 Watersheds. 
Source: NC DEQ (2019) 
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Figure 13. A Before and After View of the CAFO Digitization Process. Source: 
NC OneMap (2020) 
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Statistical Analysis 
 Statistical analysis was carried out using Microsoft Excel, ArcMap, and 
SPSS. Microsoft Excel was used to calculate the percentage of land use types 
within each of the 29 watersheds. The area of land use in 𝑚2 for each watershed 
was exported from ArcMap and imported into Microsoft Excel where it was 
summed and collapsed into 6 general categories. These categories were 
developed land use, wetlands, forest land use, agricultural land use, herbaceous-
barren land use, and finally CAFO land use, which was kept separately from 
agricultural land use to highlight the importance of CAFO activities in regression 
analysis. The collapsed land use categories were then converted into 
percentages by dividing each of the land-use groups by the total area of their 
corresponding watershed and multiplying by 100. Water quality data were 
checked for normality using the Shapiro-Wilks test in IBM SPSS version 26 and 
were transformed using a natural log function. Transforming the dependent (i.e. 
water quality data) was carried out to represent a more normal distribution of 
values and decrease the residuals during regression analysis. The transformed 
water quality data and land use percentages were then used in stepwise linear 
regression. A list of independent and dependent variables included in stepwise 
linear regression can be found in table 2. All passing linear regression models 
were then executed using ArcMap’s Ordinary Least Squares Regression tool to 
visualize the results. ArcMap’s Ordinary Least Squares Regression tool also 
tests for regression model bias and heteroskedasticity using the Jarque-Bera 
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statistic and Koenker statistic which were examined to interpret the model 
reliability. 
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Table 2. Dependent and Independent Variables of Interest. 
Dependent Variables Independent Variables 
Annual Average Dissolved Oxygen 
(mg/L) 
Percent Land-Use/Land-Cover Type 
(𝑚2) 
Annual Average Fecal Coliform 
(col/100mL) 
Number of Permitted Livestock 
Head by Permit 
Annual Average Ammonium Nitrogen 
(NH3-N) (mg/L) 
Percent CAFO Land Use/Land-
Cover (𝑚2) 
Annual Average Nitrate-Nitrite Nitrogen  
(NO2-NO3) (mg/L) 
 
Annual Average Total Kjeldahl Nitrogen 
(TKN) (mg/L) 
 
Annual Average Phosphorus (P) 
(mg/L) 
 
Annual Average Turbidity  
(NTU) 
 
Annual Average Suspended Residue 
(mg/L) 
 
Annual Average Conductivity  
(μS/cm) 
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CHAPTER FOUR 
RESULTS 
Watersheds and CAFO Polygons 
 The completed watersheds and CAFO digitization are illustrated in figure 
14. The majority of CAFO land use is in the lower CFRB. The total CAFO land 
use throughout the study site amounts to approximately 180 square Kilometers. 
Table 3 depicts the percentage of land use type per watershed. The highest 
percentage of CAFO land use is within watershed LCFRB 6RC, which attributes 
9.26 percent of the watersheds area to CAFO land. 
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Figure 14. A Map of the Completed CAFO Digitization Across all 29 Watersheds. 
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Water Quality Descriptive Statistics 
The descriptive statistics for water quality data across the 29 watersheds 
can be found in table 4. Conductivity and fecal coliform were the most variable 
parameters across all study tributary headwater watershed stations and the 
means for fecal coliform, NH3, NO2-NO3, and TP all exceeded regulatory 
standards and recommendations. Additionally, conductivity, fecal coliform, NH3, 
TP, NO2-NO3 and TKN all had maximum values that also exceeded regulatory 
standards and recommendations. There are 63 instances where individual 
sampling events of NH3 exceedances across all 29 watersheds. The highest 
percentage of NH3 exceedances are found in watersheds LCFRB NC403 and 
LCFRB ANC. LCFRB NC403 is a headwater stream segment along the 
Northeast Cape Fear River and has reported 83 percent of the NH3 samples 
exceeding water quality standards. LCFRB ANC is a tributary stream segment 
that joins the Holly Shelter Creek and this watershed also reported 83 percent of 
the NH3 samples exceeded NC DEQ standards. Figure 15 displays the number 
of NH3 exceedances across the study site, more detailed NH3 exceedances are 
visible in tables 5 and 6. There are 290 individual samples for NO2-NO3 that 
exceed NC DEQ standards. Nine sampling sites report 100 percent of the NO2-
NO3 samples with values exceeding NC DEQ standards (Tables 5 and 6). The 
number of NO2-NO3 exceedances per watershed are visible in figure 16. 
Although no state or federal standards exist for TKN, the recommended levels 
that prevent eutrophication (i.e. 0.1 - 1.0 mg/L) were not exceeded by many sites 
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and the highest percentage of sample exceedances, 25 percent of samples, was 
recorded at LCFRB COL. Individual phosphorus samples that exceeded water 
quality standards totaled 139. The three watersheds that reported 100 percent of 
their samples exceeding phosphorus standards were all located in the lower 
CFRB (table 5).  
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Table 4. Descriptive Statistics of Station Annual Averages for Water Quality 
Parameters. Mean Exceedances are Bolded and Underlined. Extremely High 
Variances are Underlined.  
Descriptive Statistics 
 
Minimu
m 
Maximu
m Mean 
Std. 
Deviati
on Variance 
pH 
n=29 
3.96 7.43 6.66 .694 .482 
Dissolve Oxygen 
(DO) (mg/l) n=29 
6.56 10.07 8.29 .998 .998 
Conductivity  (μS/
cm)  n=29 
47.00 1743.42 208.5
9 
305.635 93413.15
0 
Fecal Coliform 
(FC) (CPU/100 ml) 
n=29 
51.00 4690.00 849.3
23 
1075.04
03 
1155711.
808 
Turbidity (NTU)  
n=25 
1.71 37.96 10.39
60 
9.1489 83.703 
Suspended 
Residue 
(SR)  (mg/L) 
n=22 
3.22 23.54 8.378
0 
6.270 39.321 
Ammonium 
Nitrogen (NH3-N) 
(mg/l) 
n=29 
.02 .12 .0538 .0291 .001 
Total Kjeldahl 
Nitrogen  (TKN-N) 
(mg/l) 
n=29 
.21 1.38 .552 .269 .073 
Nitrate-Nitrite 
(NO2-NO3) (mg/l) 
n=29 
.02 2.18 .556 .579 .336 
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Total Phosphorus 
(TP)  (mg/l) 
n=29 
.03 .89 .120 .164 .027 
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Table 5. CAFO Tributary Watersheds: Water Quality and Livestock 
Characteristics. 
Station 
HC 
Swine  
NH3 
Exceed 
NO2-NO3 
Exceed 
TKN 
Exceed 
TP 
Exceed 
FC 
Exceed 
UCFRB 01 
n=12 0 4 (33%) 8 (66%) 0 0 2 (16%) 
UCFRB 14 
n=12 10,795 2 (16%) 10 (83%) 0 0 1 (8%) 
UCFRB 37 
n=12  3,253 1 (8%) 12 (100%) 0 8 (66%) 1 (8%) 
MCFRB 06 
n=12 27,456 1 (8%) 12 (100%) 0 0 0 
MCFRB 07 
n=12 16,072 0 12 (100%) 0  1(8%) 0 
MCFRB 12 
n=12 3,552 0 12 (100%) 0 0 2 (16%) 
LCFRB 
GCO 
n=12 396,866 3 (25%) 11 (91%) 0 
12 
(100%) 3 (25%) 
LCFRB 
LCO 
n=12 339,612 1 (8%) 12 (100%) 0 3 (25%) 2 (16%) 
LCFRB 
NC403 
n=12 12, 629 10 (83%) 12 (100%) 0 11 (91%) 4 (33%) 
LCFRB 
ANC 
n=12 76,475 10 (83%) 11 (91%) 1 (8%) 
12 
(100%) 3 (25%) 
LCFRB 
LRC 
n=12 5,240 2 (16%) 11 (91%) 2 (17%) 3 (25%) 3 (25%) 
LCFRB 
COL 
n=12 13,760 6 (50%) 0 3 (25%) 1 (8%) 0 
LCFRB 
HAM 
n=12 43,704 3 (25%) 10 (83%) 1 (8%) 8 (66%) 6 (50%) 
LCFRB 
BRN 
n=12 10,880 3 (25%) 11 (91%) 0 5 (41%) 5 (41%) 
LCFRB 
6RC 
n=8 947,176 4 (33%) 8 (66%) 1 (8%) 2 (16%) 0 
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LCFRB SR 
n=12 81,129 3 (25%) 8 (66%) 0 3 (25%) 4 (33%) 
LCFRB 
ROC 
n=12 424,372 5 (41%) 12 (100%) 2 (17%) 
12 
(100%) 3 (25%) 
N = 17 Stations 
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Table 6. Tributary Watersheds with No CAFOs Present. 
Station NH3 
Exceed 
NO2-NO3 
Exceed 
TKN 
Exceed 
TP 
Exceed 
FC 
Exceed 
UCFRB 
02 
n=12 
1 (8%) 8 (66%) 0 1 (8%) 3 (25%) 
UCFRB 
04 
n=12 
2 (16%) 8 (66%) 0 0 0 
UCFRB 
05 
n=12 
5 (41%) 10 (83%) 0 4 (33%) 3 (25%) 
UCFRB 
07 
n=12 
3 (25%) 7 (58%) 1 (8%) 2 (16%) 3 (25%) 
UCFRB 
10 
n=12 
2 (16%) 12 (100%) 0 0 5 (41%) 
UCFRB 
19 
n=12 
2 (16%) 9 (75%) 0 7 (58%) 1 (8%) 
UCFRB 
23 
n=12 
4 (33%) 11 (91%) 0 11 (91%) 4 (33%) 
UCFRB 
24 
n=12 
0 12 (100%) 0 2 (16%) 3 (25%) 
UCFRB 
39 
n=12 
2 (16%) 12 (100%) 1 (8%) 11 (91%) 10 (83%) 
UCFRB 
43 
n=12 
4 (33%) 11 (91%) 0 7 (58%) 0 
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UCFRB 
21  
n=12 
2 (16%) 8 (66%) 0 9 (75%) 3 (25%) 
LCFRB PB 
n=12 5 (41%) 10 (83%) 1 (8%) 12 (100%) 3 (25%) 
N = 12 Stations 
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Figure 15. The Number of NH3 Exceedances Throughout the 29 Watersheds. 
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Figure 16. The Number of NO2-NO3 Exceedances Throughout the 29 
Watersheds. 
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Linear Regression Analysis 
Nutrients 
The 𝑅2 value for NH3 indicates that the percentage of forest, percentage 
of developed land, and the percentage of herbaceous-barren land account for 64 
percent of the variability in NH3 concentrations across the study site (Table 7). 
The first variable to enter the regression model is the percentage of forested 
land-use, suggesting that a 1 percent increase in forested land-use decreases 
NH3 (mg/L) by 2 percent. Additionally, as the percentage of developed land 
increases by 1 percent, NH3 concentrations decrease by 1 percent, whereas a 
rise in 1 percent of herbaceous-barren land reduces NH3 by 5 percent. Factors 
contributing to the variation exhibited in TKN indicate that altogether, the 
presence of wetlands and agriculture account for 67 percent of the variability in 
TKN levels across the study site (Table 8). The first variable to enter the model is 
the percentage of wetlands. According to the unstandardized b coefficient as the 
percentage of wetlands increases by 1 percent, TKN levels increase by 2 
percent. The percentage of agricultural land also has a positive association with 
TKN concentrations, indicating that as agriculture increases by 1 percent, TKN 
levels increase by 1 percent as well. While agricultural land is related to a large 
variation in TKN levels, the presence of CAFO land use seems to largely 
influence the concentration of NO2-NO3. The 𝑅2 value indicated that 43 percent 
of the variability in NO2-NO3 concentrations can be explained by the percentage 
of CAFO and wetlands within a watershed (Table 9). A 1 percent increase in 
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CAFO land use accounted for a 29 percent increase in NO2-NO3 levels. 
Inversely, the percentage of wetlands decreased NO2-NO3 concentrations by 4 
percent.  
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Table 7. Regression Model Summary of NH3 Across the Study Site. The Final 
Regression Model for NH3 can be Formally Expressed as Follows: Log NH3 = -
1.637 – 0.025 Percent Forest – 0.013 Percent Developed – 0.051 Percent 
Herbaceous 
Independent 
Variable 
Unstandardized B 
Coefficient 
Exponent 
Value 
Percent 
Change 
Constant -1.637     
Percent Forest -0.025 0.98 -2% 
Percent 
Developed 
-0.013 0.99 -1% 
Percent 
Herbaceous-
Barren 
-0.051 0.95 -5% 
All p-values < 0.05 𝑹𝟐 = 0.64     
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Table 8. Regression Model Summary of TKN Across the Study Site. The Final 
Regression Model for TKN can be Formally Expressed as Follows: Log TKN = -
1.168 + 0.024 Percent Wetlands + 0.008 Percent Agriculture 
Independent 
Variable 
Unstandardized B 
Coefficient 
Exponent 
Value 
Percent 
Change 
Constant -1.168     
Percent 
Wetlands 
0.024 1.02 2% 
Percent 
Agriculture 
0.008 1.01 1% 
All p-values < 
0.05 
𝑹𝟐 = 0.67     
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Table 9. Regression Model Summary of NO2-NO3 Across the Study Site. The 
Final Regression Model for NO2-NO3 can be Formally Expressed as Follows: 
Log NO2-NO3 = -1.097 + 0.257 Percent CAFO – 0.036 Percent Wetlands 
Independent 
Variable 
Unstandardized B 
Coefficient 
Exponent 
Value 
Percent 
Change 
Constant -1.097     
Percent CAFO 0.257 1.29 29% 
Percent 
Wetlands 
-0.036 0.96 -4% 
All p-values < 
0.05 
𝑹𝟐 = 0.43     
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Physical Water Quality Characteristics 
 The regression models for turbidity highlighted two major land use types, 
the percentage of wetlands and the percentage of herbaceous-barren land. 
Together, both independent variables accounted for 50 percent of the variability 
in turbidity levels (Table 10). As the percentage of wetlands increases by 1 
percent, the turbidity levels within a watershed would decrease by 2 percent. The 
percentage of herbaceous-barren land also had a negative effect on turbidity 
levels, as the percentage of herbaceous-barren land increases by 1 percent, the 
turbidity level would decrease by 8 percent. Finally, the suspended residue 
regression model found a weak relationship with the percentage of agricultural 
land use. Only 27 percent of the suspended residue variability could be attributed 
to the presence of agricultural land use (Table 11). As the percentage of 
agricultural land increases by 1 percent, the amount of suspended residue will 
decrease by 2 percent. 
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Table 10. Regression Model Summary of Turbidity Across the Study Site. The 
Final Regression Model for Turbidity can be Formally Expressed as Follows: Log 
Turbidity = 2.819 – 0.022 Percent Wetlands – 0.088 Percent Herbaceous-Barren 
Independent 
Variable 
Unstandardized B 
Coefficient 
Exponent 
Value 
Percent 
Change 
Constant 2.819     
Percent Wetlands -0.022 0.98 -2% 
Percent 
Herbaceous-
Barren 
-0.088 0.92 -8% 
All p-values < 0.05 𝑹𝟐 = 0.50     
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Table 11. Regression Model Summary of Suspended Residue Across the Study 
Site. The Final Regression Model for Suspended Residue can be Formally 
Expressed as Follows: Log Suspended Residue = 2.382 – 0.021 Percent 
Agriculture 
Independent 
Variable 
Unstandardized B 
Coefficient 
Exponent 
Value 
Percent 
Change 
Constant 2.382     
Percent 
Agriculture 
-0.021 0.98 -2% 
All p-values < 
0.05 
𝑹𝟐 = 0.27     
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Model Bias and Heteroscedasticity.  
Multivariate regression analysis was utilized to determine how 
independent variables (i.e. land use) influence a given dependent variable (i.e. 
water quality) with findings contributing to the identification of specific factors 
impacting headwater stream water quality. Stepwise linear regression analysis 
found no relationship between concentrations of dissolved oxygen and land use 
characteristics. Similarly, fecal coliform and phosphorus concentrations did not 
have any significant relationship with land use characteristics. Furthermore, the 
stepwise linear regression model that identified independent variables related to 
pH values is unreliable according to the Jarque-Bera statistic (Figure 17). 
Therefore, the high 𝑅2 value (𝑅2 = 0.80) for the pH model and the corresponding 
coefficients are not accurate, this is likely a result of missing important 
independent variables. Similarly, the model for conductivity is biased and 
unreliable due to a statistically significant Jarque-Bera value (Figure 18). There is 
likely an important missing independent variable that better describes the 
conductivity across the study site. Not only does the conductivity model suffer 
from model bias, but it also has issues with heteroscedasticity according to the 
statistically significant Koenker value. Heteroscedasticity refers to how the 
relationships between the dependent and independent variables vary across the 
dataset, in other words, there is a nonlinear relationship between the variables.  
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Figure 17. The regression summary for conductivity showing the statistically 
significant model bias and heteroscedasticity. 
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Figure 18. The regression summary for pH showing the statistically significant 
model bias.  
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CHAPTER FIVE 
DISCUSSION 
 
Regression Analysis Performance 
 
Ammonium  
The regression model for NH3 indicates that NH3 concentrations across 
the study site are related to the amount of forested, developed, and herbaceous-
barren land-use types present in a watershed. All three independent variables 
have a negative relationship with NH3, meaning that as these three independent 
variables increase, the concentration of NH3 decreases across the study site. 
Two watersheds within the lower CFRB, LCFRB ANC, and LCFRB NC403 have 
the highest number of NH3 exceedances. These two watersheds had 10 
individual monthly samples that exceeded water quality standards. That amounts 
to 83 percent of samples collected within those two watersheds. The LCFRB 
ANC watershed is largely characterized by wetlands and forested land use. Up to 
50 percent of the land use within LCFRB ANC is wetlands and 25 percent of the 
watershed is attributed to forested areas. Only 1.89 percent of the land-use area 
within LCFRB ANC belongs to developed land, and 2.95 percent accounts for 
herbaceous-barren land. Considering a majority of LCFRB ANC is wetlands and 
forested area it is surprising that this watershed exhibits many NH3 
exceedances. A likely source of NH3 loading in this watershed could be the 
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result of CAFO runoff (Burkholder et al., 2007; Mallin et al., 2015). It should be 
noted that 6.98 percent of the land use within LCFRB ANC is made up of CAFO 
activities and could contain up to 76,475 swine based on the NPDES permits. 
The second watershed with the most NH3 exceedances was LCFRB NC403 
which also reported 83 percent of its NH3 samples as exceeding recommended 
standards. However, the land use characteristics of this watershed are very 
different from LCFRB ANC. For instance, the dominant land use type for LCFRB 
NC403 is agricultural land which can contribute to NH3 levels. Forested, 
developed, and herbaceous-barren land accounts for 15.49, 9.40, and 3.47 
percent of the land use within LCFRB NC403. Forested land use and 
herbaceous-barren land use may represent the presence of vegetative buffers 
within a watershed which may explain why developed land use also has a 
negative relationship with NH3 concentrations as it indicates the presence or lack 
of vegetative buffers. Similar to LCFRB ANC, the LCFRB NC403 watershed also 
contains CAFOs. LCFRB NC403 contains 5.69 percent CAFO land use. The 
presence of CAFOs have been reported to cause chronic NH3 pollution in 
watersheds, therefore making them a plausible explanation for the high number 
of exceedances in these two watersheds (Mallin et al., 2015). Comparing the 
percentage of NH3 exceedances between watersheds with CAFOs as opposed 
to watersheds without CAFOs reveals a higher percentage of NH3 sample 
exceedances in watersheds that contain CAFOs.   
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Total Kjeldahl Nitrogen 
The stepwise linear regression model for TKN indicated that the 
concentrations of TKN across the study site are best modeled by the presence of 
wetlands and agricultural land. Both wetlands and agricultural lands have a 
positive relationship with the levels of TKN. While agricultural land can contribute 
to TKN levels, the positive relationship between wetlands and TKN goes against 
what other research has shown (Gottschall et al., 2007). The positive relationship 
between wetlands and TKN may be an indicator of the health of wetlands and 
their ability to uptake TKN within the study site (Gell et al., 2009). TKN levels that 
exceeded recommended levels were most abundant in LCFRB COL. This 
watershed is dominated by the presence of wetlands, which accounts for 60.9 
percent of the land use. Agriculture within LCFRB COL accounts for 8.51 percent 
of the total area and CAFO land use amounts to less than 1 percent. While the 
number of TKN exceedances within LCFRB COL is not relatively high (i.e. 25 
percent of samples), the ratio of wetland to agricultural areas suggests that other 
factors are contributing to TKN concentrations within the watershed. Considering 
that there is very little agricultural land use within LCFRB COL other sources for 
TKN should be considered. TKN refers to organic nitrogen and ammonium, 
which can be the result of algal bloom decay and human waste. The low level of 
developed area within LCFRB COL indicates a more rural watershed that may 
contain more septic waste systems. Wastewater treatment plants can also 
contribute TKN to surface water due to the high variability in TKN removal during 
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the treatment process (Suchowska-Kisielewicz et al., 2018). The lower CFRB 
appears to report higher annual averages of TKN however the cause of this 
pattern is not understood by land use characteristics alone. 
Nitrate-Nitrite 
One of the most important findings of the regression analysis was the 
relationship between land use characteristics and NO2-NO3. The regression 
model that best suited NO2-NO3 concentrations in the study site had a positive 
relationship with CAFO land use and a negative relationship with wetlands. As 
opposed to agricultural land, CAFO land use is inherently different and appears 
to significantly increase the concentrations of NO2-NO3 by 29 percent. NO2-NO3 
exceedances across the study site are very abundant and this water quality 
parameter has more exceedances than any other metric. Altogether, NO2-NO3 
standards have been exceeded 290 times throughout the study site during 2014. 
Exceedances for NO2-NO3 are common across the study site and are not 
unique to the upper, middle, or lower CFRB. Sources of NO2-NO3 can include 
municipal and industrial wastewater, septic systems, runoff from CAFOs, animal 
waste, and decaying plant matter. However, the sources for NO2-NO3 in the 
lower CFRB are likely a result of the high percentage of CAFO land use. LCFRB 
LCO, LCFRB ROC, and LCFRB NC403 all reported 100 percent of samples 
exceeding NC DEQ NO2-NO3 standards. The CAFO land use area for these 
watersheds was greater than 5 percent of the total watershed area. Furthermore, 
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all watersheds that contain CAFO land use with the exception of one reported 
greater than 50 percent of samples exceeding NC DEQ standards. Six of the 
watersheds with CAFO land use also report that 50 percent of the water quality 
samples for other metrics exceed NC DEQ standards. While the lower CFRB 
contains high percentages of CAFO land use and thousands of swine, the upper 
CFRB has few CAFO and wetland areas. However, the lack of wetlands in the 
upper CFRB should also be noted because of their ability to sequester nutrients 
which may be contributing to the number of NO2-NO3 exceedances reported 
(Hansen et al., 2016).  The upper CFRB consists of more developed land use 
characteristics but is not void of agricultural land either. UCFRB 39, 43, and 
LCFRB PB all have upwards of 20 percent of the land use attributed to 
agricultural practices such as hay pastures and cultivated crops. Such land use 
practices are associated with higher levels of NO2-NO3 and may be the cause 
for the reported NO2-NO3 exceedances within those three watersheds (Weldon 
& Hornbuckle, 2006). Inversely, UCFRB 19, 21, and 23 all consist of low levels of 
agriculture but attribute greater than 30 percent of land use to develop land. 
According to previous research, developed land use has a strong control over 
NO2-NO3 concentrations and may very well be the cause of NO2-NO3 
exceedances in those watersheds with very low levels of agriculture and CAFO 
land use (Bell et al., 2019). 
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Turbidity  
The regression analysis for total suspended turbidity found that 50 percent 
of the variability in turbidity can be attributed to the percentage of wetlands and 
herbaceous-barren land. Both the independent variables have a negative 
relationship with turbidity. Wetlands represent low gradient areas that are good at 
sequestering pollutants and mark areas of low stream flow. Previous research 
has suggested wetlands act as sediment sinks and reduce turbidity because of 
the decrease in wetlands streamflow (Gell et al., 2009). Other research suggests 
that vegetation is good at preventing overland runoff, a characteristic that 
herbaceous-barren land use may be exhibiting on turbidity levels throughout the 
study site (Pavanelli & Cavazza, 2010). The watershed with the highest annual 
average for turbidity is UCFRB 23 which contains 86.14 percent developed land 
use. This watershed appears to be more prone to overland flow that carries 
suspended sediment and contributes to the high level of turbidity as a result of 
increased impervious, developed, land use. 
Suspended Residue  
Finally, the regression model that linked suspended residue and land use 
found that 27 percent of the suspended residue variability can be attributed to a 
positive relationship with agricultural practices. The agricultural land use variable 
in this study includes cultivated crops and hay-pasture land-use. However, the 
watershed with the highest annual average of suspended residue contains less 
than 1 percent of agricultural land. UCFRB 23 is largely a developed watershed 
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and the spike in suspended residue here may be attributed to the high 
percentage of developed land use. Similar to turbidity, an increase in suspended 
residue in UCFRB 23 can be a result of the increased impervious surfaces that 
allow for more overland flow. 
Other Water Quality Metrics 
 Although multivariate regression did not highlight any statistically 
significant relationships for fecal coliform or phosphorus, the descriptive statistics 
for station exceedances can be insightful. There are multiple water quality 
stations that report greater than 50 percent of samples exceeding state water 
quality standards for levels of phosphorus. The concentration of phosphorus in 
the CFRB can be characterized as high. Previous research has also 
acknowledged the high concentrations of phosphorus throughout the CFRB and 
suggest CAFO and agricultural activities are the source (Mallin et al., 2015). The 
number of phosphorus samples exceeding water quality standards were greater 
in watersheds with CAFO land-use. However, watersheds without CAFO land 
use were also subjected to higher instances of phosphorus. It should be noted 
that watersheds without CAFO land-use did contain other forms of agricultural 
land-use, many with high percentages of area allocated to them. While 
agriculture has been cited as a major source of phosphorus in surface water, 
other research has suggested developed land-use also contributes to total 
phosphorus levels (Carle et a., 2005). According to the summarized land use, 
many of the watersheds that exhibit high phosphorus levels, also contain a high 
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percentage of developed land-use. However, because there are watersheds with 
both high percentages of agriculture and high percentages of developed land-
use, the source of phosphorus pollution could be attributed to both land-use 
types.  
 Concentrations of fecal coliform across the study site did not exhibit any 
pattern between watersheds with CAFOs and watersheds without. There 
appears to be equal amounts of samples exceeding fecal coliform standards 
throughout all 29 watersheds. Previous research suggests fecal coliform pollution 
is a chronic condition of the CFRB (Alford, et al., 2016; Mallin et al., 2015). 
Furthermore, Mallin et al. (2015) found that fecal coliform concentrations were 
highest near CAFOs. While this study found no statistically significant 
relationship with fecal coliform using the percentage of CAFO area and swine 
headcount, perhaps the concentration of fecal coliform throughout the CFRB is 
better modeled by how far sampling stations are from CAFO activities.  
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CHAPTER SIX 
CONCLUSION 
The primary goal of this research was to quantify the area associated with 
CAFO land use practices in selected watersheds to assess the relationship 
between land use characteristics and water quality. Unlike other research, this 
study is the first to use and confirm the importance of CAFO land use area in 
relation to NO2-NO3 concentrations within the CFRB. CAFO land use increases 
the NO2-NO3 concentrations by 29 percent across the study site and this 
information should be used by water resource managers to address the extreme 
number of NO2-NO3 exceedances across the CFRB. This research also 
emphasizes the important role that wetlands have in predicting TKN, NO2-NO3, 
and suspended residue levels throughout the CFRB. Herbaceous-barren land 
use appears to mitigate NH3 and Turbidity throughout the CFRB. Water resource 
managers should use this information to anticipate spikes of NH3 and turbidity 
levels based on new urban development and changes to herbaceous-barren 
landscapes within the CFRB. Turbidity and TKN throughout the CFRB should 
also be addressed using the percentage of agricultural land because of the 
statistically significant relationship agricultural land use has with these 
parameters. While this study proved the importance of CAFO land use area in 
relation to water quality, there is still a need to address the limitations of this 
study. Future studies should focus on refining the bias and heteroscedasticity of 
the regression models for pH and conductivity. Heteroscedasticity can be 
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addressed using other statistical transformations, such as Box-Cox, on the 
dependent variables or by using geographically weighted regression. However, a 
larger dataset is recommended to avoid model bias and multicollinearity between 
independent variables. Other independent variables that better describe the 
concentrations of fecal coliform and phosphorus should also be explored, such 
as the distance of sampling stations to the nearest CAFO. Future studies might 
also include streamflow data. Using the methodology outlined in this study, a 
detailed geodatabase should be created and used to document detailed 
watershed characteristics to manage water resources better. This study is just 
the starting point of such a process but can be useful in outlining future water 
resource management practices and allocating resources to watersheds that 
have a high risk of being contaminated by nonpoint sources of pollution.
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